It is possible to place direct constraints on W W γ and W W Z couplings by studying their tree-level contributions to the process e + e − → W + W − . However, these couplings also contribute at the loop level to e + e − → f f processes where f is any Standard-Model fermion. In this paper the available LEP1.5 and LEP2 data, the anticipated LEP2 data and possible linear collider data for these latter processes is combined with low-energy and Z-pole data to place indirect constraints on nonstandard W W γ and W W Z couplings. The direct and indirect constraints are then compared. An effective Lagrangian is used to describe the new physics. In order that the implications of this analysis are as broad as possible, both the light-Higgs scenario, described by an effective Lagrangian with a linear realization of the symmetry-breaking sector, and the strongly interacting scenario, described by the electroweak chiral Lagrangian, are considered.
I. INTRODUCTION AND PARAMETERIZATIONS
Non-Abelian gauge-boson couplings are an essential and fascinating aspect of the Standard Model (SM). With the aim of verifying the SM or detecting new physics it is important to measure such couplings. The basic strategy is to introduce and then measure the most general couplings allowed under a particular set of physical assumptions. If, for example, one requires the new physics to be invariant under U(1) em , then the most general W W γ and W W Z couplings allowed are parameterized by the effective Lagrangian [1] 
where V = Z, γ, the overall coupling constants are g W W γ =ê and g W W Z =ĝ Zĉ 2 .
1 Here the field-strength tensors include only the Abelian parts, i.e.
(1) has been truncated to include only terms which separately conserve charge conjugation (C) and parity (P). While other operators exist, they shall be irrelevant in the ensuing discussion. Notice that κ γ , κ Z , g γ 1 and g Z 1 are couplings associated with energy-dimension-four (O(E 4 ) ) operators while λ γ and λ Z coincide with energy-dimensionsix (O(E 6 ) ) operators. The effect of including additional operators (with higher energy dimension) is equivalent to a running of the couplings, i.e. κ γ = κ γ (q 2 ), κ Z = κ Z (q 2 ), etc.
2
The next logical step is to impose the full symmetries of the SM; considering only electroweak interactions this implies imposing an SU(2)×U(1) symmetry spontaneously broken to U(1) em . In order to proceed it is necessary to choose the method of spontaneous symmetry breaking (SSB); is symmetry breaking linearly realized? i.e. Is there a physical Higgs scalar?
Or is the nonlinear realization appropriate? First discussing the linear realization, one may extend the SM Lagrangian [2] according to 1 The 'hatted' couplings are the MS couplings which satisfy the tree-level relationsê =ĝŝ =ĝ Zŝĉ andê 2 = 4πα;ĝ is the SU(2) coupling,ŝ andĉ are the sine and cosine of the weak mixing angle, the strength of the photon coupling is given byê, andĝ ′ =ĝŝ/ĉ is the U(1) coupling. 2 In the SM, at the tree level,
Here L SM is the usual SM Lagrangian including an SU(2) doublet Higgs field, Φ. The operators O i are O(E 6 ) operators; each is accompanied by a dimensionless coupling f i and suppressed by a factor Λ 2 , where Λ is the scale associated with the new physics. Additional operators exist which are either stringently constrained by the current data or are irrelevant to W W γ and W W Z couplings. [3] As the measurements of W W γ and W W Z couplings improve it will be necessary to include additional operators, but currently these three are sufficient [4] . There are no O(E 6 ) operators in the light-Higgs scenario which conserve CP without separately conserving C and P. For explicit expressions of the operators and further details see Refs. [3] [4] [5] .
From Eqn. (2) it follows that [3] :
Of six couplings in Eqn. (1), only three are independent. In particular, from the set
, only two are independent. These relationships are broken by the inclusion of O(E 8 ) operators [3] .
In the nonlinear realization, employing the notation of Ref. [6] , the relevant Lagrangian
where the superscript 'nlr' denotes 'nonlinear realization'. Again only those operators which are not stringently constrained but are relevant to W W γ and W W Z couplings are included.
The first term is the SM Lagrangian without a physical Higgs boson; it is hence nonrenormalizable. The terms L 2 , L 3 and L 9 introduce the dimensionless parameters α 2 , α 3 and α 9
respectively, each multiplying an O(E 4 ) operator; for further details see Refs. [4, 6] . All three separately conserve C and P, and only L 9 breaks the custodial SU(2) C symmetry. Note that there is one CP-conserving operator, L 11 , that conserves neither C nor P. This additional operator contributes to a P-violating W W Z coupling, but it is not easily incorporated in the current analysis; it has been discussed elsewhere [7] .
From Eqn. (4) one may obtain a set of relationships similar to those of Eqn. (3). In particular [4, 7, 8] ,
The couplings λ γ and λ Z are equal only in the sense that that they are both zero, and at higher orders it is expected that these two parameters will be nonzero and unequal. Notice that, in the set {κ γ , κ Z , g for the nonlinear realization, see Refs. [3, 14, 15] . Expressions for the 'barred' charges appear in Ref. [15] ; being rather lengthy, they are not reproduced here. Non-SM contributions to the Zbb vertex were presented in Ref. [15] . In the current context it is necessary to consider non-SM contributions to the γbb vertex as well. See 
II. CONTRIBUTIONS TO OBSERVABLES
for the γbb and Zbb vertices respectively. The one-loop contributions of the SM are not shown.
The projection operators are defined by P ± = (1 ± in the nonlinear realization of SSB.) Recall that the pinch term is removed from the vertex correction form factor but included in the barred charges. An explicit calculation yields
where
An expression equivalent to Eqn. (7b) was presented in Ref. [15] . Replacing a W W Z vertex in Fig. 1 
III. THE DATA
From the recent analysis of Ref. [16] , the data for low-energy and Z-pole measurements is nicely summarized as measurements of the various charge form factors. That global analysis yielded, for measurements on the Z-pole,
is found in Ref. [9] .
Combining the W -boson mass measurement (m W = 80.356 ± 0.125 GeV) with the input
And finally, from the low-energy data,
The implications of this data for non-Abelian gauge-boson couplings was considered in
Ref. [15] . Note that the above data is insensitive to ∆Γ NP γbb (q 2 ); because ∆Γ NP γbb (0) = 0, there is a negligible contribution at low energies, and on the Z-pole the effects of photon exchange are negligible. Also notice that there are no constraints on α(q 2 ) and g
Data is now available from measurements at LEP1.5 and LEP2. This has implications for the indirect constraints on new physics. In particular, there is now sensitivity to ∆Γ
and α(q 2 ). Additionally some of the contributions to the charge form factors run with q 2 , hence measurements at different center of mass (CM) energies constrain different linear combinations of the parameters. Some of the contributions are enhanced as the CM energy increases, but unfortunately there is also a loss in statistics.
The three LEP detector collaborations have published measurements for e + e − → f f where f is a typical fermion for LEP1.5 energies of 130-140 GeV [17] [18] [19] and LEP2 energies of 161-172 GeV [20, 21] . The relevant measurements are summarised in Table I . Notice A significant portion of the events above the Z peak are "radiative return" events. That is, a photon is radiated which reduces the effective CM energy to √ŝ ≈ m Z . Except for the appearance of the extra radiation, such events are characteristically the same as LEP1 events on Z-pole. In consideration of the enormous number of Z decays accumulated at LEP1, it is very reasonable to neglect e + e − → f f γ events at LEP1.5 and LEP2 when the photon carries away a significant portion of the energy. For this reason only the exclusive modes are reported in the table.
Additionally it is interesting to anticipate what data might be available in the future.
Four different data sets will be considered:
1. Fit 1: All low-energy and Z-pole data as summarised by Eqns. (8)- (10).
Fit 2:
The data from Fit 1 plus the LEP1.5 and early LEP2 data summarised in Table I . For the future LEP2 data it the following observables were used:
σ(e + e − → hadrons) and the forward-backward asymmetries A In every case it was assumed that statistical errors dominate over systematic errors. For the linear collider the uncertainty in the luminosity measurement may contribute to an uncertainty in absolute rates. Therefore, the R h is used in place of the hadronic cross section, and
is assigned an error of 3%.
IV. NUMERICAL STUDIES AND DISCUSSION
In all numerical studies the scale of new physics is taken to be Λ = While the error bars on f W W W are unaffected, there is a tiny effect upon the error bars for f W , and for f B the magnitude of the error bars is, in some cases, reduced by more than 10%.
The improvement at a future linear collider (Fit 4) is significant for all three parameters.
In Fig. 2 , the best fit in the ∆κ γ versus λ plane is shown for m H = 300 GeV subject to the constraints of Eqns. 3. There are three independent variables, f W , f B and f W W W .
A two-dimensional projection is obtained by setting f B = f W . In Fig. 3 a two dimensional These indirect bounds are particularly interesting when compared to the direct bounds which may be obtained by studying W -boson pair production. Such bounds, taken from
Ref. [4] , are summarised in Table III. The numbers in this table make the Table III are pessimistic. The errors quoted are purely statistical, and more events should be expected with more luminosity plus higher energy which tends to overcome threshold suppression factors. As discussed above, the numbers in Table II In the first row are the constraints from LEP II at 175GeV with L int = 500pb −1 , and the second row contains results for a 500GeV future linear collider with L int = 50fb −1 . The one-sigma allowed region is approximately symmetric about zero.
both studies should be optimized. Proceeding to the linear collider, the improvements in the indirect measurements are insufficient to keep pace with the improved direct measurements.
Turning to the nonlinear realization of SSB, the one-sigma bounds on α 2 , α 3 and α 9 are presented in Table table- has a small effect on the best-fit cental values, but there is no change in the error bars. The complete LEP2 program makes a tiny reduction in the error bars for α 2 and α 3 , but the error on α 9 is reduced by 40%. At the linear collider significant improvements are achieved for α 2 and α 9 , and the error on α 3 is also reduced. As in the discussion following Table II, these bounds are weakened by correlations among the various parameters and by uncertainties in SM parameters.
The corresponding direct constraints from Ref. [4] are presented in Table V . Again, the assumptions in obtaining these table entries are pessimistic compared to the numbers used in Fit 3. The post-LEP2 ratios of indirect to direct bounds are 1:7 for α 2 , 1:2.5 for α 3 and 1:1 for α 9 . Again, the direct and indirect bounds are of the same order at LEP2. At the linear collider the direct constraints are more than an order of magnitude better than the significantly as data is accumulated at the ongoing LEP2 experiments. The resulting direct constraints and the current indirect constraints, allowing for theoretical uncertainties in the latter, probe new physics at roughly the same level. Therefore it is desirable to also improve the indirect constraints as much as possible. The LEP1.5 and LEP2 data which is presently available leads to only a very tiny improvement, but it is anticipated that significant gains will have been accomplished before the end of the LEP2 experiments.
Truly significant improvements in the loop-level constraints are expected from the inclusion of data collected at a future linear collider operating at √ s = 500 GeV. However, the improvements in the direct constraints through the study of W -boson pair production at the same facility will be much more impressive, and it is very that the better measurements will
